RECENTLY, A NOVEL ANGIOTENSIN (ANG) peptide, ANG-(1-12), was reported in plasma and tissues (18) . The 12 amino acid peptide represents a C-terminally extended sequence longer than the 10-amino acid ANG I [ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) ]. Although low in plasma, ANG-(1-12) is detected in heart, kidney, and brain in equal or higher amounts relative to other angiotensin peptides (18) . ANG-(1-12) is a vasoconstrictor in isolated perfused rat aorta, and intravenous administration increases blood pressure (BP). Both the effects in isolated vessels and on BP are abolished by angiotensin-converting enzyme (ACE) inhibition or AT 1 receptor blockade (18) . These findings imply that ANG-(1-12) is processed to ANG II for the pressor and vasoconstrictive effect. The enzyme that forms ANG-(1-12) is not known, but recent studies (4, 7, 24) demonstrate that renin is not involved in the metabolism of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In addition, ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , which is localized in cardiac myocytes, is expressed in higher concentrations in the hypertrophied heart of spontaneously hypertensive rats (14) .
ANG II plays a crucial role in the hypertensive phenotype of the (mRen2)27 rat, since cerebral or systemic administration of an AT 1 receptor blocker or ANG II antisera reduces blood pressure (10, 16) . Indeed, the mRen2 gene is expressed at high levels in brain, and ANG II levels are very high in hypothalamus and medulla in these animals (15, 23) . While there is no doubt that brain ANG II plays a role in hypertension in the (mRen2)27 rats, as well as other models of hypertension, controversy over whether all of it derives from renin arises as the cellular localization (neuronal vs. glial) of brain reninangiotensin system (RAS) components and their independence from the circulating system continues (9) . This is largely because angiotensinogen (Aogen) has a wider distribution than renin (20) . Thus, while a transmitter-like intracellular system may exist in neurons in which both renin and Aogen have been localized, a system involving extracellular components possibly independent of renin likely exists as well. Our hypothesis is that a nonrenin-dependent pathway involving ANG-(1-12) derived from Aogen may yield ANG II in the brain ventricles, whereas an intracellular neuronal system exists involving renin and Aogen in brain tissue. Accordingly, the present study was designed to specifically test the hypothesis that immunoneutralization of brain ANG-(1-12) with a highly specific antisera would lower systolic blood pressure (SBP) in (mRen2)27 rats.
MATERIALS AND METHODS
Animals. Experiments were performed in 22-to 28-wk-old male hypertensive (mRen2)27 hemizygote rats weighing 547 Ϯ 10 g (Hypertension and Vascular Research Center Colony, Wake Forest University School of Medicine) (2, 15, 16, 24) group-housed in a temperature-and humidity-controlled room (12:12-h light-dark cycle) with free access to standard rat chow and water. They were housed overnight (1630 -0830) in metabolic cages (Allentown, Inc., Allentown, NJ) for collection of urine on dry ice and assessment of food and water intake 1 wk before intracerebroventricular cannula placement and on days 6 and 11 of the intracerebroventricular infusion. The experimental protocol conformed to guidelines of and was approved by the Institution Animal Care and Use Committee at Wake Forest University School of Medicine.
Anti-ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) antisera. The antisera, prepared for us by AnaSpec (San José, CA), was generated in rabbits against the free C-terminal region of rat ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 12 ) to keyhole limpet hemocyanin (KLH). We used the IgG fraction purified on a Protein A column, as previously described (19) , yielding an antisera that could be preabsorbed by ANG-(1-12) (14) . To determine antibody specificity and to verify stability in the osmotic infusion pumps, rat ANG-(1-12) was iodinated using chloramine T, purified by HPLC, and competition curves were performed with ANG-(1-12) and other angiotensins. The IC 50 for ANG-(1-12) was ϳ5 ϫ 10 Ϫ14 moles (50 fmol), while cross reactivity was less than 0.01% with ANG I and 0.001% with ANG II or ANG-(1-7). These data demonstrate high specificity of the Anti-ANG-(1-12) antibody for the unique C-terminal portion (Leu 11 -Tyr 12 sequence) of the peptide. Preimmune IgG, purified from serum of the same rabbit taken before immunization with the KLH-N terminal-ANG-(1-12) and artificial cerebrospinal fluid (aCSF) were used as controls. The composition of aCSF was (in mmol/l): 150 sodium, 3.0 potassium, 1.4 calcium, 0.8 magnesium, 1.0 phosphate, and 155 chloride.
Tail-cuff monitoring. SBP and heart rate (HR) were obtained by the tail cuff method (Narco Biosystems, Houston, TX) on three consecutive baseline days averaged to obtain a single baseline value and intracerebroventricular infusion days 2-5 and 9 -11 in animals trained to the procedure (14) . At least five consecutive cycles (inflation/ deflation) were performed on each rat and the mean of the last five recordings was recorded as the daily SBP.
Intracerebroventricular cannulation and osmotic minipump implantation. Animals were anesthetized with 2.5-3.5% isoflurane inhalation. A 28-gauge stainless-steel cannula (brain infusion kit2; Alzet, Palo Alto, CA), was implanted stereotaxically (David Kopf Instruments, Tujunga, CA) into the lateral cerebral ventricle (0.4 mm posterior, 0.21 mm lateral to bregma, and 3.5 mm with depth from skull surface), as previously described (16) . The brain was frozen, sectioned, and examined microscopically to visualize correct placement of the cannula into a lateral cerebral ventricle at the end of each study. The cannula was connected via polycarbonate tube to an osmotic minipump (5.0 l/h; model 2ML2; Alzet, Palo Alto, CA) placed under the skin in the lateral abdomen for infusion for 14 days. There were three groups of (mRen2)27 rats: group 1 received the Anti-ANG-(1-12) IgG (n ϭ 6, body weight: 547 Ϯ 20 g; age: 24.5 Ϯ 0.3 wk); group 2 was exposed to the Preimmune IgG (n ϭ 6, body weight: 545 Ϯ 18 g, age: 27.7 Ϯ 2.0 wk); and group 3 received aCSF (n ϭ 4, body weight: 560 Ϯ 23 g, age: 22.5 Ϯ 3.4 wk). There were no significant differences in age and body weight in aCSF, Preimmune IgG, or Anti-ANG-(1-12) IgG groups.
Anti-ANG-(1-12) IgG and Preimmune IgG were prepared at the same concentration (0.6 mg/l, each group) diluted with aCSF. Activity of Anti-ANG-(1-12) IgG in residual pump contents (n ϭ 4) was determined by binding of [
125 I]-ANG-(1-12) as described previously (12, 13) and compared with the original sample.
Analysis of plasma angiotensin peptides and osmolarity. On ICV day 13, plasma samples were taken following decapitation for ANG I, ANG II, and ANG-(1-7) analysis using radioimmunoassay (12, 13) . Osmolarity was measured in the plasma samples using a OSMOMETTE (Precision Systems, Inc., Natic, MA).
Statistical analysis. Values are presented as means Ϯ SE. Comparisons over multiple time points and among the three treatment groups were made by two-way ANOVA for repeated measures with post hoc Bonferroni's analysis. Comparison of each intracerebroventricular time point from pre-ICV baseline or among aCSF, Preimmune IgG and Anti-ANG-(1-12) IgG groups was assessed by one-way ANOVA with Dunnett's analysis. For plasma peptides and osmolality, unpaired t-tests were used for the two-group comparison at one time point. The criterion for statistical significance was P Ͻ 0.05. Tests were performed using Prism 4.0 and Instat 3 (GraphPad Software, San Diego, CA).
RESULTS
Baseline SBP and HR were similar between aCSF, Preimmune IgG, and Anti-ANG-(1-12) IgG treatment groups: 186 Ϯ 8 mmHg, 171 Ϯ 6 mmHg, and 173 Ϯ 7 mmHg; and 310 Ϯ 20 beats per minute (bpm), 260 Ϯ 13 bpm, 256 Ϯ 13 bpm, respectively. Continuous intracerebroventricular administration of Anti-ANG-(1-12) IgG lowered SBP from baseline ( Fig. 1A) with a decrease of Ϫ43 Ϯ 8 mmHg (P Ͻ 0.05 vs. baseline) on day 3 and a Ϫ26 Ϯ 7 mmHg (P Ͻ 0.05) reduction on day 10. There were no significant changes in SBP in the Preimmune IgG or aCSF treatment groups when compared with baseline. The reduction in SBP in the Anti-ANG-(1-12) IgG treatment group was significantly greater than the Preimmune IgG on days 3 and 5, but not on day 10. There were no significant changes in HR in the Anti-ANG-(1-12) IgG group in the face of the decrease in SBP, and no consistent changes in HR in the two control groups (Fig. 1B) .
Water intake was lower on ICV day 6 in the Anti-ANG-(1-12) IgG-treated group (Fig. 2A ). There were no significant differences in urine volume, food intake, or body weight during the 2-wk treatment across time or between groups (Fig. 2,  B-D) . Plasma osmolality on ICV day 13 was higher in Anti-ANG-(1-12) IgG group than Preimmune IgG (Fig. 2E) . Plasma ANG I, II, and ANG-(1-7) concentrations were not significantly different on ICV day 13 between Preimmune IgG and Anti-ANG-(1-12) IgG (Table 1) . The activity of the Anti-ANG-(1-12) IgG to bind I 125 -ANG-(1-12) was 91-98% of control (94 Ϯ 2%, n ϭ 4) in residual fluid removed from the osmotic pump on ICV day 13.
DISCUSSION
Chronic intracerebroventricular immunoneutralization of ANG-(1-12) in (mRen2)27 transgenic hypertensive rats reduces SBP without a significant change in HR accompanied by a transient reduction in water intake and increased plasma osmolality. The specificity of the response to Anti-ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) IgG is underscored by the lack of effect on SBP of either the Preimmune IgG or aCSF. The fall in SBP was evident on the third day of treatment, and the reduction waned but persisted for 10 days. Intracerebroventricular administration of a specific antibody to ANG II causes an immediate decrease in BP (ϳ80 mmHg) accompanied by bradycardia (ϳ100 bpm) in acute studies in conscious homozygote-female transgenic (mRen2)27 rats (12 wk of age) (16) . Chronic ICV AT 1 receptor blockade in homozygous male (mRen2)27 rats at a similar age to the present study lowers SBP to normotensive levels within the 1st wk (ϳ100 mmHg), and the effect persists for 4 wk of treatment (10) . Blockade of ANG II with antiserum against ANG II also reduces water intake, even in a dehydrated condition (8, 22) . Thus, the early effects of central immunoneutralization of endogenous ANG-(1-12) in brain are similar to that of acute endogenous ANG II blockade with antiserum, but less than that seen with AT 1 receptor blockade. Although higher doses of the anti-ANG-(1-12) IgG may be required to achieve a maximal effect, differences in the distribution of antisera for either ANG II or ANG-(1-12) vs. the more lipophilic AT 1 receptor antagonists may explain differences in magnitude of responses. Alternately, incomplete blockade of the system in the absence of concomitant blockade of the renin pathway may also occur. In fact, in preliminary studies (11) , treatment with either the Anti-ANG-(1-12) IgG or a renin inhibitor resulted in a reduction in SBP of 39 -43 mmHg on day 3 that waned by day 10. In contrast, intracerebroventricular treatment with a combination of the Anti-ANG-(1-12) IgG and a renin inhibitor resulted in a reduction in SBP that was sustained at ϳ63 mmHg over 10 days of treatment.
In this study, there were no significant differences in circulating ANG peptides on day 13 of intracerebroventricular treatment between Preimmune IgG and Anti-ANG-(1-12) IgG groups. Circulating angiotensin peptides can alter central sympathetic nerve activity via circumventricular organs devoid of the blood-brain barrier (26) . This result suggests that chronic immunoneutralization of brain ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and the lower SBP resulting from the central administration of the antisera were not accompanied by reductions in circulating ANG II that might contribute to the effect. Furthermore, there was no compensatory increase in ANG II as a result of the lower SBP at the end of the study. In addition, the increase in plasma osmolality is not accompanied by changes in plasma concentrations of ANG II. The fact that the decrease in water intake was transient may reflect an effect of the increased plasma osmolality to increase drinking by the latter time points of the study. However, a contribution of a reduction in the effectiveness of the immunoneutralization, as reflected by the waning effects on the blood pressure at day 10, to the restoration of normal water intake by day 11 cannot be ruled out.
Central immunoneutralization of ANG-(1-12) lowered SBP without any change in HR. ANG II is a known participant in resetting of the baroreceptor reflex to higher pressures, in addition to attenuating the sensitivity of reflex for control of HR in many forms of hypertension, including the (mRen2)27 rats (5, 6) . The absence of an increase in HR or an increase in plasma ANG II in conjunction with the fall in SBP in the Anti-ANG-(1-12) IgG-treated animals could result from a resetting of the reflex to the lower pressure as a result of the sequestration of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In addition, the lack of changes in HR or ANG II could also result from the existing impairment in baroreflex control in the (mRen2)27 rats. It is not possible to distinguish these possibilities since we did not assess baroreflex sensitivity in the present study. However, microinjections of ANG-(1-12) into the nucleus of the solitary tract of Sprague-Dawley rats reduce baroreflex sensitivity (1), which is similar to what occurs with ANG II (3). Thus, there is a potential contribution of endogenous ANG-(1-12) to the impaired reflex in the (mRen2)27, either directly or through generation of ANG II.
There is no agreement as to whether all components of the RAS exist in brain tissue as an intracellular, neurotransmitter-like system. Aogen expression is widespread in the brain, and likewise, neuronal circuits involved in the regulation of autonomic function contain ACE, ANG II, ANG-(1-7), as well as ACE2 and neprilysin (5, 26) . A volume transmission system, perhaps derived from Aogen in glial or other non-neuronal sources is proposed (25, 26) , and actions of circulating peptides on cerebral vasculature or at the blood-brain barrier are also likely. Antibodies normally do not pass easily through intact cellular or subcellular membranes in living cells (17) . Therefore, we propose that blockade of endogenous ANG-(1-12) circulating in CSF, or in the extracellular fluid, are responsible for the reduction in SBP in the (mRen2)27 rats.
In the circulation and isolated vessels, ANG-(1-12) produces pressor and vasoconstrictor actions that, as reported by Nagata et al. (18) , are blocked by an ACE inhibitor or AT 1 receptor blocker. In our studies, there was no renin participation in ANG-(1-12) processing to ANG II or ANG-(1-7) in plasma, kidney (4), or the perfused heart (24). The enzyme responsible for generation of ANG-(1-12) from Aogen in brain or other tissues is unknown at present, but our current studies support processing of the peptide into ANG II, since SBP was reduced by the ANG-(1-12) antisera and ANG-(1-12) injections into the nucleus tractus solitarii suppress the BRS in SD rats (1) . This interpretation is in keeping with previous studies showing that in the heart and plasma, ANG II is the predominant peptide generated from ANG-(1-12) by ACE (4, 24) , and the actions are blocked with AT 1 antagonist (21). Ferrario et al. (7) have provided more definitive evidence for the processing of ANG-(1-12) by a nonrenin pathway in recent experiments in bilaterally nephrectomized rats. In addition, cardiac chymase is also implicated in the processing of ANG-(1-12) into ANG II (21). Values are expressed as means Ϯ SE.
